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Abstract 
 The neutralization probability of low energy Na+ ions scattered from In- and As-rich 
InAs(001) surfaces is measured by time-of-flight spectroscopy. It is found that the neutralization 
probability for projectiles scattered from As sites is larger than from In sites for both types of 
surfaces. A modification of the resonant charge transfer model is proposed in which a freezing 
contour that follows the atomic structure is combined with molecular dynamics and density 
functional theory. Together, these approaches show that the neutralization of alkali projectiles 
scattered from a compound solid material is determined by multiple factors, particularly the 
surface atomic and electronic structures. This model is applicable to any system in which the 
surface potential is inhomogeneous, such as compound materials and adsorbate-covered surfaces.  
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I. Introduction 
Charge transfer between atomic particles and surfaces is important in dynamical 
interactions such as collisions, adsorption, and desorption. It is also important in many applications 
such as heterogeneous catalysis, reactive ion etching, secondary ion mass spectrometry (SIMS), 
and ion scattering spectroscopy (ISS), also known as low energy ion scattering (LEIS). Although 
many scattering experiments and applications utilize noble gas projectiles, there are certain 
advantages to the use of alkali projectiles, particularly in SIMS and LEIS [1,2].  
The resonant charge transfer (RCT) model [3] has been widely used to describe charge 
exchange between solid surfaces and atomic species, such as alkali metal, hydrogen, or oxygen 
atoms, that have ionization or electron affinity levels that overlap states in a solid. RCT has thus 
been used to successfully explain the neutralization probability of low energy (0.5 – 10 keV) alkali 
ions scattered from surfaces. The main concept of the model is that when such an atomic species 
is close to a surface (within several Å), electrons near the Fermi energy tunnel between the 
ionization level and the surface. For alkalis, due to the interaction with the ion’s image charge, the 
ionization level shifts up in proportion to z-1, where z is the distance between the ion and the image 
charge plane, which is typically located less than 2 Å above the outermost surface atoms [4]. The 
ionization level in an alkali atom that is close to the surface also broadens due to overlap with 
states in the solid. The broadening is often assumed to decay exponentially with z. During a low 
energy scattering process, electron tunneling between the projectile and surface is non-adiabatic 
since the projectile velocities are large compared to electron tunneling rates. Electrons readily 
tunnel back and forth when the projectile is close to the surface making its initial charge state 
irrelevant, which is known as memory loss [5]. When the atomic species is far from the surface, it 
is no longer possible for tunneling to occur so that the neutralization probability reflects the overlap 
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of the broadened and shifted ionization level with the Fermi level at an effective freezing distance, 
Zfr, along the exit trajectory. The degree of overlap depends on the local electrostatic potential 
(LEP), or local work function, above the scattering site. Thus, the process can be modeled as 
though the neutralization is determined along the exit trajectory when the projectile passes through 
the freezing point.  
The RCT model has been successfully used to interpret ion scattering neutralization data 
collected by scattering from pure metal surfaces, metal alloys, and surfaces with isolated 
adsorbates [3], but an understanding of ion neutralization for scattering from compound surfaces 
is very limited. Low energy H+ and H− scattering from LaB6(100) and LiCl have been studied by 
time-of-flight (TOF) ion scattering spectroscopy [6]. These studies were more focused on the 
overall neutralization of the projectiles, however, rather than on the neutralization that occurs after 
scattering from each individual atomic site. The neutralization of He2+ scattered from InAs [7] and 
Ne+ scattering from GaAs(110) [8] have also been reported, but these noble gas ions are neutralized 
by core level states through an Auger or quasi-resonant neutralization mechanism rather than 
through RCT. The neutralization probability for Na+ scattered from Au and Cu in a Au3Cu(001) 
alloy are nearly identical as the LEP above a metal surface is fairly homogeneous [9]. Meanwhile, 
our recent studies of Na+ scattering from Bi2Te3 and Cs-covered Bi2Se3 show different 
neutralization rates after scattering from different atomic sites, which implies that the 
inhomogeneous LEP resulting from chemical bonding and the presence of surface states affects 
the neutralization process for compound materials [10,11]. 
InAs is a compound semiconductor whose (001) surface atomic structure is stabilized by a 
number of reconstructions that are either In- or As-rich. These reconstructions generally involve 
the surface atoms forming dimers to become more sp3-like. The dimers are offset from the atoms 
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in the bulk structure and can also form short chains between which there are missing atoms, which 
leads to deeper layers being revealed to an incoming ion beam. The dangling bonds formed by the 
empty states of a dimerized surface atom on an In-rich surface or by the filled states on an As-rich 
surface form local dipoles that may cause a difference in the neutralization probability for 
scattering from In and As.  
This work measures the neutralization probability of Na+ ions scattered from In- and As-
rich reconstructions of InAs(001) and analyzes the data with a new approach. It is found that the 
neutralization is always larger in scattering from As than from In sites for both terminations. 
Molecular dynamics (MD) simulations of ion trajectories imply that scattering from the surface 
region (defined here as those atoms located within 2 Å of the outermost surface atoms) contributes 
most of the neutrals. The RCT model, MD simulations, and density functional theory (DFT) 
calculations are used here in conjunction with each other to explain and model the data. 
 
II. Experimental procedure 
Preparation and measurements of InAs(001) surfaces are performed in an ultra-high 
vacuum (UHV) chamber with a base pressure of 2×10-10 Torr. Polished single crystal InAs(001) 
wafers (n-type, carrier concentration = 3´1016 cm-3) are prepared by repeated cycles of 500 eV Ar+ 
sputtering with a fluence of around 5×1015 cm-2 and annealing at about 450ºC for 30 minutes. This 
produces a well-ordered In-rich surface reconstruction [12].  
The surface reconstruction is modified by exposure to iodine (I2) followed by annealing to 
remove the iodine adatoms [13]. Iodine molecules are produced from a solid-state electrochemical 
cell [14,15], which is constructed using a AgI pellet with Ag foil and Pt mesh as the electrodes. 
The cell is heated to 150ºC to enable ionic conduction and operated at a current of 10 µA for 1 
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hour to obtain saturation coverage, as confirmed with low energy electron diffraction (LEED) and 
LEIS. The iodine-covered surface is then annealed to 400ºC to remove the adsorbed iodine and 
switch the reconstruction to an As-rich surface. 
Time-of-flight (TOF) LEIS spectroscopy is performed using an apparatus similar to that 
described in Ref. [16]. A pulsed beam of 3.0 keV Na+ ions is produced from a thermionic emission 
gun. The scattered projectiles are collected by a triple microchannel plate (MCP) array mounted 
at the end of a 0.57 m long flight tube. The entrance to the MCP detector is held at ground potential 
to ensure equal sensitivity to charged and neutral species. A pair of parallel plates is located inside 
the flight tube to deflect the scattered ions so that only the scattered neutral species are collected 
when a 400 V bias voltage is applied between the plates. The voltage between the plates is 
alternated between 0 and 400 V every 60 s during data collection so that total yield and neutrals 
spectra are collected simultaneously. For all of the TOF-LEIS data collected here, the incident ion 
beam is 55º from the surface normal and the scattered projectiles are collected along the direction 
of the surface normal, meaning that the scattering angle is 125°.  
Changes in the average surface work function are determined by bombarding the sample 
with a 200 eV electron beam and measuring the energy shift of the secondary electron cut-off via 
a modulation technique that uses the LEED optics [17]. The resolution of the measurement is better 
than 0.1 eV. The work function is measured from the clean In-rich surface and about 20 min after 
each I2 exposure and each annealing step.  
The DFT calculations are carried out using the GPAW package [18-21]. The projector 
augmented-wave method (PAW) [22] and the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation (XC) functional [23]  were used in the calculations. The plane-wave energy cutoff was 
set to 520 eV, and the Brillouin zone was sampled using a Monkhorst-Pack scheme with a 4´2´1 
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k-point mesh. Using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm method, the 
positions of the atoms are optimized until the residual force on each atom is less than 0.005 eV/Å. 
The surface potential in the surface region is then calculated using the optimized structure.  
The kinematics of the ion trajectories are simulated via MD using the Kalypso software 
package [24]. The atomic positions of the InAs surfaces are taken from the DFT optimized 
structure. The Thomas-Fermi-Molière repulsive potential using the Firsov screening length, 
reduced by a factor of 0.8, is used to calculate each binary projectile-target atom interaction. The 
cut-off distance used with this potential is 2.9 Å. The acceptance angle of the detector in the 
calculations is set to 4° to match that of the experimental apparatus. The sample temperature is set 
to 300 K, as in the experiment, to properly model the thermal vibrational amplitudes. A Debye 
temperature of 247 K is used for the bulk [25] and 120 K for the surface so that the vibrational 
amplitudes of the surface atoms are about 2 times those of the bulk. Any atoms located below a 
depth of 3 Å from the outermost atomic layer are considered to have the bulk Debye temperature 
while those above this depth utilize the surface Debye temperature. 
 
III. Results 
Iodine adsorption and annealing is used to prepare clean and ordered InAs(001) surfaces 
with different terminations and structures [13]. The LEED patterns observed after each step of the 
surface treatment provide information about the symmetry of these structures. The LEED pattern 
has a (4´2)/c(8´2) symmetry following ion bombardment and annealing (IBA), which is generally 
considered as an In-rich reconstructed surface [12]. Although there is not a complete consensus 
about the specific atomic structure [26], the za(4´2) reconstruction [27] is largely supported in the 
literature. Many of the In atoms in the near surface region of this structure, including some sub-
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surface atoms, form dimers, which allows them to be in a more sp3-like configuration with 
dangling bonds that protrude from the surface. When the surface is saturated with adsorbed iodine, 
the LEED pattern becomes 1´1, indicating that the surface reconstruction is removed [13]. The 
bonds between the dimers are broken as the adatoms sit atop the In atoms, which move back to 
their bulk lattice positions producing the 1´1 symmetry. After annealing the iodine-covered 
surface to 400ºC, the LEED pattern rotates by 90° as it switches to (2´4)/c(2´8) [13]. The 
annealing presumably etches away surface In atoms as volatile iodides, leaving behind an As-rich 
surface. The structure of the As-rich surface has been extensively studied and is presumably the 
b2(2´4) reconstruction, in which surface As atoms form dimers along with some As dimers that 
are also formed in the third layer [28].  
Figure 1 shows three-dimensional representations of the za(4´2) and b2(2´4) 
reconstructed surfaces of InAs(001). The In and As dimer bonds are indicated by dashed lines. 
Both of these reconstructions cause more than 3 layers of surface atoms to move laterally away 
from their bulk lattice positions. Both surfaces share the same underlying bulk atomic structure 
with that of the As-rich reconstruction being rotated in the figure azimuthally by 90º from that of 
the In-rich reconstruction.  
TOF LEIS measurements are performed on both of the clean InAs(001) surfaces and the 
iodine-covered surface using two different alignments of the sample’s azimuth with respect to the 
incoming ion beam. The incident beam is at a polar angle of 55º from the sample’s surface normal, 
while the detector is positioned along the normal. The x-alignment is defined here as having the 
projection of the incident beam direction along the InAs [1#1#0]  azimuthal direction. The y-
alignment is attained by rotating the sample azimuthally by 90º so that the incident direction is 
along the InAs [11#0] azimuth. In Fig. 1, the In-rich surface is shown from the perspective of the 
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y-alignment direction, while the As-rich surface is in the x-alignment direction. For each alignment, 
the bulk atoms are in the same positions with respect to the ion beam for all of the surfaces 
investigated, despite the different surface terminations and atomic structures of the outermost 
layers.  
Figure 2 shows total yield and neutral TOF spectra collected from the as prepared In-rich, 
iodine-covered and As-rich surfaces with the ion beam incidence along both the x- and y-
alignments. The x-axis is reversed in the figure so that the right side indicates shorter flight times 
and therefore higher scattered kinetic energies. The most significant features in the spectra are the 
single scattering peaks (SSPs) that arise from projectiles scattered directly into the detector after a 
single collision with an atom at the surface. Each collision can be approximated as a classical 
binary elastic collision with an unbound atom located at the lattice site, as the energy of the ions 
is much larger than the bonding energy of the atoms, so that more massive target atoms correspond 
to shorter flight times of the scattered projectile [29]. The As, In, and I SSPs are located at 5.7, 4.7, 
and 4.5 µs, respectively. The SSPs ride on a background of multiply scattered projectiles. 
In Fig. 2, the In SSP is always larger than the As SSP. An In to As ratio of 1.8 would be 
expected even if the number of surface atoms were equal, because the differential cross section for 
scattering from In is about 1.5 times larger than from As [30] and the MCP detection efficiency is 
about 1.2 times larger at the higher kinetic energy associated with scattering from In [31].  
The area of each SSP is determined by fitting the SSPs with a Gaussian function after 
subtracting the multiple scattering background [32]. The In/As ratio is calculated by dividing the 
areas and normalizing to account for cross section and instrumental sensitivity differences between 
the two SSPs. The neutralization probability of ions scattered from the site of each atomic species 
is determined by dividing the neutral SSP area by that of total scattered yield, which is referred to 
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as the neutral fraction (NF). The experimental data shown in Fig. 2 is summarized on the left side 
of Table 1.  
The basic observations gleaned from the experimental data are presented and analyzed in 
the following two sub-sections.  
 
A. Surface Structure 
In low energy ion scattering, when an incident ion beam impacts a surface atom, it is 
prevented from reaching the region behind that atom as it is deflected due to scattering [33]. This 
is called shadowing, which impedes incoming ions from directly impacting second and/or deeper 
layer atoms. A corresponding effect, called blocking, occurs when an ion scatters from a deeper 
layer atom, but cannot reach the detector because a surface atom is located between the original 
scattering atom and the detector. Shadowing and blocking enable single scattering in LEIS to probe 
only certain atoms within a crystalline material and thus aid in determining its surface atomic 
structure.  
The ratio of the In to the As SSP intensity in the present measurements is less than one in 
x-alignment and more than two in y-alignment for both the In- and As-rich surfaces, as seen in 
Table 1. The reason is that the surface reconstructions move many of the outermost atoms out of 
the way so that although similar numbers of surface In and As atoms are detected in both 
alignments, scattering from bulk atoms contributes substantial intensity to the SSPs. As seen in 
Fig. 1, the In- and As-rich surfaces have the same bulk structure, but the number of bulk atoms 
visible to the incoming ion beam varies substantially with the alignment. Incoming ions can only 
reach bulk As atoms in x-alignment and bulk In atoms in y-alignment because of shadowing. Thus, 
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scattering from bulk As atoms increases the size of the As SSP in x-alignment, while bulk In atoms 
contribute to the In SSP in y-alignment.  
Following iodine adsorption, the I SSP dominates the spectra in Fig. 2 while an In SSP is 
not visible in x-alignment and an As SSP is not visible in y-alignment. Presumably, the surface 
reconstruction is removed by iodine adsorption, leading to a bulk-terminated structure in which 
iodine is adsorbed atop the outermost surface In atoms. In x-alignment, the bulk In atoms are not 
visible to the ion beam because of shadowing, and the iodine adatoms block any projectiles 
scattered from the surface In atoms from reaching the detector, but there are bulk As atoms that 
are visible to both the beam and the detector. Thus, only an As SSP is observed. In y-alignment, 
the bulk As atoms are shadowed from the incoming ion beam while bulk In atoms are visible to 
both the incident beam and detector even though projectiles scattered from the surface In atoms 
are still blocked from reaching the detector by the iodine adatoms. Thus, there is only an In SSP 
in the spectrum collected from iodine-covered InAs in y-alignment, and the intensity of that SSP 
is reduced from that of the as-prepared In-rich surface.  
MD simulations are deployed to determine the probability of scattering from each atomic 
site and thus confirm the conclusions reached above about the role of the surface structure in 
producing the measured In to As SSP ratios. Figure 3 shows top views of the In- and As-rich 
surfaces along with results of the simulations. The small blue dots show the locations on the surface 
from which projectiles are emitted along the normal direction with incidence in x-alignment. The 
locations are generally associated with the surface atoms from which the projectile has scattered. 
The specific positions are slightly spread out due to the thermal vibrations of the surface atoms 
that cause them to be distributed around their equilibrium position. The locations of the surface In 
and As atoms are marked by filled circles. The larger symbols represent atoms located at a depth 
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of less than 2 Å from the outermost surface atoms, and there are more scattering events associated 
with these atoms than with the deeper lying atoms, as would be expected. The relative probability 
for scattering from each element is obtained by assuming that each emitted projectile is scattered 
from the closest surface atom and then summing the number of scattering events for each particular 
type of atomic site. The simulated average In/As SSP ratios are summarized in the right side of 
Table 1. It is indeed found that the simulated In/As ratios change with respect to alignment in the 
same way as the experimental data, although the simulated ratios are generally less than the 
experimental values, indicating an underestimate of the amount of surface In. This could be 
because the actual sample surfaces are not as perfect as the crystal structure used in the simulations. 
In particular, it is possible that there are residual In atoms remaining on the surface if the iodine 
etching to remove surface In was incomplete, which would increase the relative size of the In SSP 
in the experimental data. 
  
B. Neutralization of scattered Na+ 
The neutralization probabilities in single scattering from In and As increase or decrease 
together as the In-rich sample is exposed to iodine and then heated to form the As-rich surface. 
This means that all of the NFs from the In-rich surface are a bit higher than those collected from 
the As-rich surface. In addition, as seen in Fig. 2, the In and As NFs from the I-covered surfaces 
are both much lower than from the two bare surfaces. These overall NF changes are related to the 
differences in the average work functions of the surfaces. 
In applying the RCT model to alkali ion scattering, the NF is determined by the relative 
positions of the work function and broadened ionization level at the freezing distance if the surface 
LEP is homogeneous, as is the case with most metal surfaces. An increase in the work function 
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shifts the Fermi level down with respect to the vacuum level while the ionization level remains 
fixed, so that it will act to the lower the NF, and vice versa. The upper panel of Fig. 4 shows the 
change in the measured global work function relative to that of the original In-rich surface. The 
work function of the I-covered surface is 0.9 eV higher than that of the as-prepared surface due to 
the p-type doping of iodine. The work function of the As-rich surface is less than the iodine-
covered surface, but still 0.4 eV larger than that of the In-rich surface. The symbols in the bottom 
panel of Fig. 4 show the experimentally measured NFs of the different surfaces. The overall the 
NF does change in the opposite direction as the work function, as predicted from RCT. Thus, the 
observations are qualitatively consistent with this model.  
To quantitatively estimate the NF using the RCT model and assuming a homogeneous 
surface LEP, the shifting and broadening of the ionization level and the freezing distance are 
calculated using the method of Ref. [5]. The upward shifting of the Na+ 3s level is estimated as 
1/' ()*+,- + (/0-12 		a.u., where z is the distance between the ion and image plane and vmax = 2.6 
eV	is the saturation value at z = 0. The image plane is set at a distance of 1 Å above the outermost 
surface atoms. Thus, for Na with an ionization energy of 5.14 eV, its 3s level will be at -4.05 eV 
with respect to the vacuum level at a typical freezing distance of 3 Å from the image plane. The 
broadening of the 3s level is estimated by fitting the following empirical equation [5], which was 
derived from the first-principles calculations of Nordlander and Tully [34],  
 ∆(z) 	= 	∆</(𝑒>?0 + @ ∆A∆B+CD> − 1)(/> (1) 
with the fitting parameters being determined to be ∆<= 2.23	a.u., ∆HIJ= 0.04	a. u., and α = 0.86. 
As an example, the halfwidth of the 3s level of a Na atom positioned 3 Å from the image plane, 
which is close to the freezing distance, is calculated with these values to be 0.42 eV. 
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When an alkali projectile is close to the surface, electrons tunnel between the broadened 
ionization level and states in the solid [35]. The projectile exits the surface on a time scale of 𝜏 =1/𝛼𝑣R, where 𝑣R is the perpendicular component of the outgoing velocity. The lifetime of an 
electron remaining in the projectile is inversely proportional to the broadening as 1/2∆(z). The 
measured neutralization probability is then determined when the tunneling time scale is equal to 
the lifetime, which occurs when the projectile is at the freezing distance 𝑍TU above the target site. 
These considerations lead to the following equation for calculating the freezing distance [35]: 
 𝑍TU = (? 𝑙𝑛(XYA?)Z) (2)  
The freezing distances for 3 keV Na scattered by In and As estimated from this equation are 2.7 
and 2.8 Å, respectively. The slight difference in the two distances is due to the different velocities 
of the projectile after scattering from atoms with different masses.  
The neutral fraction can then be estimated by calculating the overlapping area between the 
filled states in solids and the broadened ionization level, which is assumed to have a Gaussian 
shape, at the freezing distance.  Doing so, it can be shown that  
 NF = ∫ (^√X` 𝑒ab-@cdcef D-𝑑𝜙aia∞ = (X + (X 𝑒𝑟𝑓(alam^√X ) (3)  
where ϕ  is the work function, µ  is the position of the shifted Na ionization level and σ =∆q𝑍TUr/√2𝑙𝑛2 is its width at the freezing distance.  
The dashed lines in the bottom panel of Fig. 4 show the calculated NFs for each surface in 
which a value of ϕ = 3.9	eV for the as-prepared In-rich surface was found to best fit the data. To 
our knowledge, the work function of In-rich InAs(001) has not been measured, and this value is 
lower than those found for InAs(110) [36] and InAs(111) [37], but this could be due to the fact 
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that the present samples are n-type. The result shows that the change of the NF is in general 
inversely related to the work function, as expected, although the simple RCT model doesn’t fit the 
data for the As-rich surface very well and cannot explain the difference between the As and In 
NFs.  
 The biggest question here is why the NF in scattering from As is larger than that for 
scattering from In for both the In- and As-terminated surfaces. There are a couple of different ideas 
that could explain this unusual behavior.  
First, a possible cause for the difference in NFs is that they are related to the different 
kinetic energies of the scattered projectiles. The calculations shown in the lower panel of Fig. 4 
already suggest that the difference in NF caused by the different velocities of projectiles scattered 
from In and As is negligible, but experimental data is used here to absolutely exclude it. TOF 
spectra collected in x-alignment with 2, 3, and 4 keV Na+ incident ion energies are shown in Fig. 
5(a). Figure 5(b) shows the NFs measured from these spectra as a function of the scattered kinetic 
energy, since the NF is determined along the outgoing trajectory. If the scattered velocity were the 
only contributing factor, then the curves for scattering from In and As would overlap. Instead, 
scattering from As has a larger NF than for scattering from In at all kinetic energies, which 
excludes the scattered projectile kinetic energy as being the primary factor leading to the NF 
difference.  
Second, the difference in NF could be a consequence of the LEP, also called the local work 
function, being inhomogeneous on these surfaces. This observation would then imply that, on 
average, the LEP at the freezing distance above an As atom is smaller than it is above an In atom. 
The NF in scattering from a particular surface site is actually determined by the potential at the 
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freezing point rather than by the global work function, as has been shown for systems in which 
adsorbates were used to create an inhomogeneous LEP [11,38-41].  
Figure 6 shows representative side view potential maps of InAs(001) calculated using DFT. 
The freezing points are located directly above each surface atom since the experiments utilized 
normal emission, and they are marked with white crosses. An assumption made here is that the 
freezing distance depends on the distance above each target atom and is thus not affected by 
delocalized electrons in the material. It can be seen that, in general, the potential at the freezing 
point above each surface As atom is smaller than above an In atom, which strongly suggests that 
the formation of more neutrals when scattering from As is a consequence of this inhomogeneous 
LEP. 
 
IV. Discussion 
To fully understand the relationship between the neutralization probability and the surface 
local electrostatic potential, a modified RCT model that combines the LEP calculated by DFT and 
the scattering probability simulated by MD is developed. The main idea is to calculate the NF of 
scattering from individual atomic sites using the LEP at the freezing distance above each atom. 
The average NF for an In or As SSP is then the sum of the individual NFs for scattering from the 
different type of sites of each species weighted by the probability for scattering from each of those 
sites. Despite the model’s simplicity and assumptions, it fits the NF data reasonably well and 
provides a framework for future investigations.  
In the traditional RCT model, the surface is considered as a flat uniform jellium [42] so 
that all of the freezing points lie in a plane located at the freezing distance above the image plane. 
In the model developed here, however, the surface potential is considered to be inhomogeneous 
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and the freezing points are thus no longer in a plane, but differ above each target atom site to form 
a “freezing contour”. Such a contour would not necessarily be expected to strictly follow the 
atomic structure, as valence electrons located above some of the deeper lying atoms could 
participate in charge transfer until the projectile escapes the solid. In the limit of the process being 
completely non-adiabatic, however, then the neutralization would depend primarily on the time 
that the projectile spends in the outgoing trajectory and eq. (2) can then be used in conjunction 
with the atomic structure to estimate the freezing contour. Although, the actual freezing contour is 
likely somewhere in between a flat plane and this approximation, using this method does lead to a 
good match between calculated and experimental NFs, as shown below.  
As an example of the freezing contour used in the model, Fig. 6 shows two representative 
planes cut along the directions indicted by the dashed lines in Fig. 3. The image plane is set at a 
distance of 1 Å above the outermost atoms in the z direction and is shown as a horizontal dashed 
line at Z = 0 in Fig. 6. The white crosses show the freezing points above each individual atom, as 
calculated with Eq. (2), and the positions of these freezing points calculated above atoms in all of 
the planes within the surface unit cell define the freezing contour used here. The ionization level 
of the projectile shifts up in energy due to interaction with its image charge before the projectile 
crosses the image plane. Once the projectile passes below the image plane, it is assumed that no 
more shifting occurs. This shifted value of the ionization level, µ, is then used in eq. (3) to calculate 
the expected value of the NF for scattering from each individual target atom.  
The calculated average neutralization probabilities obtained by summing the individual 
NFs for scattering from each type of atomic site for each species weighted by the probability for 
scattering from these sites are given in the right columns of Table 1. Most of the calculated NFs 
agree very closely with the experimental data. An exception is that the calculation of the In NF of 
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the As-rich surface in x-alignment is lower than the data, which may be due to the As-rich surface 
prepared by iodine etching not being as well-ordered as the initial In-rich surface. The value of the 
In SSP/As SSP ratio is larger in the experimental data than in the calculations for the As-rich 
surface, which may be caused by residual In atoms being present on the surface. The potential 
above such residual In atoms may be larger than that above In in the InAs lattice so that scattering 
from them can increase the measured NF, although this doesn’t seem to affect the In NF in y-
alignment.  
Figure 7 shows the scattering probability and measured NF in scattering from each atomic 
site as a function of its distance from the image plane. The diameter of each symbol is proportional 
to the probability of scattering from that atom. The atoms at depths larger than 8 Å are not shown 
since the probability of scattering from them is negligible. In the different alignments, the 
probability of scattering from different layers varies due to shadowing and blocking effects. An 
estimate of 58% to 86% of the scattering occurs from shallow surface atomic sites at depths less 
than 2 Å, while the rest are scattered from atoms at depths from 2 Å to 8 Å. The ions scattered 
from surface atoms at different sites have quite different neutralization probabilities due to the 
inhomogeneous LEP. The NF for ions scattered from surface As sites saturates at almost 100%, 
so that it is not possible to determine if this is due to charge transfer from the filled dangling bonds 
positioned above the surface atoms that form dimers, but that is likely. The important point to be 
gleaned from Fig. 7 is that the measured In and As NFs result from a combination of scattering 
from surface and near-surface atoms. On average, scattering from sites at depths less than 2 Å 
contributes more than 70% of the neutrals. This shows that the measured NFs are affected by both 
the scattering probability and the LEP above each site, which makes the NF sensitive to the 
scattering geometry, the surface structure, and the shape of the LEP. 
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The results when using the modified RCT model match the NF data reasonably well. This 
is, to our knowledge, the first time that the RCT model has been combined with MD and DFT 
calculations of the LEP to estimate the NF of alkali ions scattered from a compound material. The 
idea of a “freezing contour”, as opposed to a flat freezing plan, extends the use of the RCT model 
to atomic layers below the surface. Individual NFs in scattering from each atom can then be 
calculated using the LEP at the freezing point above the scattering site. The overall NFs are 
determined by weighing these values by the probability of scattering from each site, which is 
dictated by the surface structure and ion scattering geometry. This method not only provides 
possibility of predicting the NF in low energy alkali ion scattering, but it suggests the use of 
measured NFs to experimentally ascertain the LEP above the surface of a crystalline compound 
material. 
It should be pointed out that some additional factors that may affect the NF result are not 
included in the model. First, the actual surface isn’t as perfect as the crystal model used in the MD 
simulations. Second, minor processes such as Auger neutralization and negative ion formation that 
can be generated from low work function materials [5] are ignored. Third, there are a number of 
approximations made in the RCT model. The NF is considered to be independent of the initial 
state of the projectile due to the assumption of complete memory loss, while in fact the memory 
loss may be incomplete when the projectile’s speed is large (> 0.01 a.u.) [43]. In addition, only the 
vertical component of the exit velocity is used in the calculation meaning that the parallel velocity 
component is ignored here despite evidence that it can have an effect in determining the NF [35]. 
It is assumed, however, that the parallel velocity effect is minimal in the present measurements 
because the projectile emission is along the surface normal.  
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V. Conclusions 
  Low energy Na+ ion scattering is performed on both In- and As-rich InAs(001) surfaces. It 
is found that the overall NF in scattering from In-rich surfaces is larger than from As-rich surfaces 
due to their lower work function. For both surfaces, the NF in scattering from As atoms is larger 
than for scattering from In atoms. A quantitative analysis is developed here in which a freezing 
contour is used along with the RCT model, MD simulations to determine the probability for 
scattering from each site, and DFT calculations to determine the LEP above each site. Calculations 
using this model agree reasonably well with the experimental data, showing that this methodology 
and the approximations used are reasonable. This method provides a framework for analysis of 
neutralization when scattering from surfaces with an inhomogeneous LEP, such as compound 
materials or adsorbate systems. This protocol further provides the possibility of using measured 
NFs to determine values of the inhomogeneous LEP above a surface.  
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Table 1. Experimental and calculated In/As ratios and NFs of the single scattering peaks in LEIS 
TOF spectra collected in both the x- and y-alignments from In-rich and As-rich InAs(001) surfaces. 
All of the In/As SSP ratios were calculated from the SSP ratios after normalizing by the differential 
scattering cross sections, and the experimental data were further normalized by the relative MCP 
sensitivities. 
 
Surface Alignment 
Experiment Simulation 
SSP ratio 
In /As  
In NF As NF 
SSP ratio 
In /As 
In NF As NF 
In-rich 
x 0.75 0.48±0.04 0.57±0.06 0.72 0.48 0.60 
y 2.33 0.40±0.03 0.66±0.13 1.1 0.44 0.70 
As-rich 
x 0.70 0.40±0.05 0.50±0.06 0.42 0.26 0.53 
y 2.89 0.34±0.03 0.66±0.14 1.0 0.33 0.68 
 
  
 24 
 
 
 
Figure 1. 3D views of the In- (left) and As-rich (right) InAs(001) surface structures. Both share 
the same bulk structure. The In-rich surface is shown from the perspective of the y-alignment 
direction, while the As-rich surface is shown in the x-alignment direction. In atoms are represented 
by yellow large spheres and As atoms are represented by small green spheres. The bonds formed 
to produce In and As dimers on the surfaces are indicated by red dashed lines.  
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Figure 2. LEIS TOF spectra collected from as-prepared In-rich, iodine adsorbed, and As-rich 
InAs(001) surfaces. The 3.0 keV Na+ ion beam is incident 55º from the surface normal, and the 
scattered projectiles are collected along the surface normal, which is a scattering angle of 125°. 
The spectra in the left panel are collected in x-alignment, while those in the right panel are collected 
in y-alignment. The positions of the As and In SSPs are marked with dashed vertical lines.  
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Figure 3. Top views of the In- (left) and As-rich (right) InAs(001) surfaces showing the results of 
MD simulations for incidence along the x-alignment. Smaller symbols are used for atoms located 
deeper than 2 Å. The position from which projectiles are emitted along the surface normal are 
indicated by small blue dots.  
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Figure 4. Work function change and measured neutral fractions for as-prepared In-rich InAs(001), 
the iodine-covered surface, and the As-rich surface produced by heating off the iodine. The upper 
panel shows the WF value relative to the original In-rich surface. The bottom panel shows the 
experimental (markers) and calculated (dashed lines) NF values for scattering from In and As sites. 
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Figure 5. (a) Raw TOF spectra collected in x-alignment for Na+ ions scattered from In-rich 
surfaces with the indicated incident energies. The spectra are offset vertically for clarity. (b) The 
neutral fractions of Na+ projectiles scattered from In and As sites determined from (a) shown as a 
function of their scattered energies.  
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Figure 6. Typical maps of the potentials above the In-rich (left) and As-rich (right) InAs(001) 
surfaces within a particular crystal plane, as calculated by DFT. The depth scale is given with 
respect to the horizontal image plane located 1 Å above the surface. The particular vertical planes 
shown here are those along the grey dashed lines indicated in Fig. 3.  
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Figure 7. The calculated neutral fractions of Na+ scattered from each atomic site as a function of 
the target atom depth below the image plane for the In- and As-rich surfaces. The diameter of the 
symbols is proportional to the probability of scattering from that site.  
 
